The occurrence of geomagnetically induced currents (GICs) poses serious threats to modern technological infrastructure. Large GICs result from sharp variations of the geomagnetic field (dB/dt) caused by changes of large-scale magnetospheric and ionospheric currents. Intense dB/dt perturbations are known to occur often in high-latitude regions as a result of storm-time substorms. Magnetospheric compressions usually caused by interplanetary shocks increase the magnetopause current leading to dB/dt perturbations more evident in mid-to low-latitude regions, while they increase the equatorial electrojet (EEJ) current leading to dB/dt perturbations in day- side equatorial regions. We investigate the effects of shock impact angles and speeds on the subsequent dB/dt perturbations with a database of 547 shocks observed at the L1 point. By adopting the threshold of dB/dt = 100 nT/min, identified as a risk factor to power systems, we find that dB/dt generally surpasses this threshold when following impacts of high-speed and nearly frontal shocks in dayside high-latitude locations. The same trend occurs at lower latitudes and for all nightside events, but with fewer high-risk events. Particularly, we found 9 events in equatorial locations with dB/dt > 100 nT/min. All events were caused by high-speed and nearly frontal shock impacts, and were observed by stations located around noon local time. These high-risk perturbations were caused by sudden, strong and symmetric magnetospheric compressions, more effectively intensifying the EEJ current, leading to sharp dB/dt perturbations. We suggest that these results may provide insights for GIC forecasting aiming at preventing degradation of power systems due to GICs.
Introduction
The Sun is a magnetically active star with disturbances that are frequently generated on its surface that propagate explosively away through the heliosphere. If the disturbance speed relative to the medium speed is larger than the medium magnetosonic speed, interplanetary (IP) shocks are driven ahead of the disturbance [Burlaga, 1971] . IP shocks take place in all solar cycle phases, but are more numerous during solar maxima [see, e.g., Kilpua et al., 2015; Oliveira and Raeder , 2015] . IP shock strengths are usually expressed by shock speeds or magnetosonic Mach numbers, defined as the ratio of the shock relative (to the local medium) speed to the local magnetosonic speed [Burlaga, 1971; Tsurutani and Lin, 1985] . When IP shocks interact with the Earth's magnetosphere, disturbances are observed in geospace and on the ground. The most well-known effect is the positive sudden impulse (SI + ), resulted from the magnetosphere compression and manifested as sharp increases in the horizontal component of the geomagnetic field anywhere on the Earth and expressed by global geomagnetic indices [Smith et al., 1986; Araki , 1994; Araki et al., 2004] .
IP shocks travel in the heliosphere with different shock normal orientations. When they impact the Earth's magnetosphere, different levels of geomagnetic activity may follow. For example, Takeuchi et al. [2002] suggested that a highly inclined IP shock was the cause of a gradual increase in the horizontal component of the global geomagnetic field, instead of the sharp increase normally observed. Simulation [Guo et al., 2005] and statistical [Wang et al., 2006] studies showed that the more frontal an IP shock strikes the Earth, the shorter the storm sudden commencement (SSC, or SI + in general) rise time will be.
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More recently, Oliveira and Raeder [2014] showed through simulations that IP shocks which strike the Earth with small impact angles may trigger higher geomagnetic activity than those with large impact angles, even if the latter are stronger than the former.
They attributed such results to the symmetric magnetosphere compression resulting from the frontal case. Such results were later confirmed with a statistical study by Oliveira and Raeder [2015] , who showed that substorm activity as measured by an enhanced version of the AL index correlated well with shock impact angles. More specifically, they
showed that, for strong shocks, the smaller the impact angle, the larger the triggering of geomagnetic activity. Later, similar results were obtained by Oliveira et al. [2016] for enhancements of the nightside auroral power intensity following shock impacts on the magnetosphere. A comprehensive review of this subject has recently been provided by Oliveira and Samsonov [2018] .
The interaction of IP shocks with the Earth's magnetosphere is also a direct cause of large changes in the electric fields within the magnetosphere-ionosphere system [Gonzalez et al., 1994] . Such highly variable geospace electric fields generate electric currents on the ground, which in turn induce, according to Faraday's law of induction [Pirjola, 2000 [Pirjola, , 2002 , electric fields that couple with artificial conductors, affecting the flow of electric currents in power systems, leading to equipment damage and disruption of power supplies [Albertson et al., 1993; Bolduc, 2002; Kappenman, 2003; Béland and Small , 2005; Kappenman, 2006; Gaunt and Coetzee, 2007; Marshall et al., 2012; Gaunt, 2016] . Such currents are the well-known geomagnetic induced currents (GICs), whose manifestation corresponds to abrupt and strong temporal changes in the geomagnetic field on the ground (dB/dt) [Viljanen, 1998] . Given the importance of the potential serious and wide-spread problems c 2018 American Geophysical Union. All Rights Reserved.
associated with disruptions to power systems, GICs have been characterized as a one of the top space weather hazards by the scientific community and policy makers. This constant and imminent threat has led to regulatory actions not only in the U.S., but also at an international level [see, e.g., Jonas and McCarron, 2015; Knipp, 2015; Cassak et al., 2017; Pulkkinen et al., 2017] . GICs are also a very common subject for modeling studies whose goal corresponds to the improvement of GIC forecasting [Ngwira et al., 2009; Barbosa et al., 2015; Pulkkinen, 2015; Zhang et al., 2015; Blake et al., 2016; Zhang et al., 2016; Barbosa et al., 2017; Boteler and Pirjola, 2017; Torta et al., 2017] .
The economical impact of extreme space weather on technological infrastructure, with great contribution from GIC effects, has been studied in the context of global power system failures [see, e.g., National Research Council , 2008; Schulte in den Bäumen et al., 2014; Eastwood et al., 2017] . In a worst case scenario, it is estimated that the daily U.S.
economic loss associated with an extremely intense geomagnetic storm would be quite high [Oughton et al., 2017] . However, an extreme event is not always the cause of significant power grid failures and component damage. Forbes and St. Cyr [2008] showed that realtime electricity market is affected by local geomagnetic field fluctuations. Schrijver et al.
[2014] analyzed a 10-year period of insurance claims for industrial electrical equipment and concluded that their rates augmented substantially on geomagnetically active days.
Therefore, the understanding of GIC generation and its consequent impact on power infrastructure is an important subject for space weather investigations.
Historically, most studies involving GIC effects on the ground focus on events with severe geomagnetic activity, or geomagnetic storms [Bolduc, 2002; Pulkkinen et al., 2005; Ngwira et al., 2013; Oliveira and Ngwira, 2017] , with emphasis on regions poleward of 60
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latitude [Wik et al., 2008; Pulkkinen et al., 2005 Pulkkinen et al., , 2012 Piccinelli and Krausmann, 2018] .
For example, the collapse of the Hydro-Québec power system in North America was caused by the geomagnetic storm of 13-14 March 1989 [Bolduc, 2002; Béland and Small , 2005] . The blackout following that storm was associated with permanent damage to a transformer located in a N.J. power plant, in the U.S., caused by substorm-like events leading to a dB/dt peak of approximately ∼480 nT/min. In equator-ward regions, GICs are associated with geomagnetic storms and SI + events [Kappenman, 2003; Béland and Small , 2005; Zois, 2013; Fiori et al., 2014; Carter et al., 2015; Zhang et al., 2015 Zhang et al., , 2016 .
Zois [2013] showed that the number of reported transformer failures in a period of ∼20 years in mid-latitude regions in Greece (35
• ) were associated with solar activity.
Zhang et al. [2015] showed that GIC response to the SI + event preceding the 2015 St.
Patrick's Day storm recorded by mid-latitude stations along the Chinese coast were larger than those recorded at the same stations during storm main phase. Carter et al. [2016] reported that a South American equatorial station showed a significant response, and the storm time response was slightly stronger there. In their statistical study, Carter et al. [2015] concluded that geomagnetic storms may or may not follow intense dB/dt perturbations associated with SI + events.
The main goal of this paper is to investigate the effects of IP shock orientations and speeds on the subsequent perturbations of dB/dt or generation of GICs. This is the largest statistical study of the subject to date, and the first to link shock impact angle and speed effects to the subsequent dB/dt enhancement. We show that dB/dt is largely intensified by shocks with high speeds that strike Earth nearly head-on. In addition, we
show that equatorial GICs may be intensified to extreme levels due to intensifications of c 2018 American Geophysical Union. All Rights Reserved.
the equatorial ionospheric current near local noon caused by shocks with high speeds that first touch the magnetosphere at the subsolar point.
Currents associated with latitudinal GIC response to SI + events
The magnetopause current flows in the magnetopause nose at distances > 10 Earth radii from the ground. During SI + events, sudden changes in solar wind dynamic pressure increase the horizontal geomagnetic field component with different latitudinal responses [Russell et al., 1994; Zesta et al., 2000] . However, there are two specific ionospheric current systems that are intensified by magnetopause compression which contribute with the generation of GICs. In auroral regions, the auroral electrojet (AEJ) current is intensified by the increase of the Region 1 current [Araki , 1977 [Araki , , 1994 . In a narrowly confined latitudinal region of the dayside equatorial ionosphere, the equatorial electrojet (EEJ) current is intensified due to the increase in electric field and conductivity along that region [Sibeck , 1991; Lühr et al., 2004] .
GIC enhancements in mid-to low-latitude regions are primarily due to magnetopause current enhancements, since the ionospheric electrojets are far away from those regions [Fiori et al., 2014] . The magnetopause current effects on GIC production are overshadowed by high-latitude ionospheric currents because the latter are much closer to the ground (∼100 km altitude) and therefore produce higher dB/dt perturbations there [Fiori et al., 2014] . AEJ currents are associated with high-latitude GIC enhancements [Boteler et al., 1998; Pulkkinen et al., 2005; Kappenman, 2005] , while equatorial GIC enhancements are caused by the EEJ current [Pulkkinen et al., 2012; Ngwira et al., 2013; Carter et al., 2015 Carter et al., , 2016 . GICs linked to EEJ currents have recently been revealed as an increasing concern to power grids located a few degrees from the magnetic equator [see, e.g., Moldwin c 2018 American Geophysical Union. All Rights Reserved.
and Tsu, 2016]. These magnetospheric-ionospheric currents are subject of modeling for the cases when the ground geomagnetic field is not available for GIC determinations [de Villiers et al., 2017] .
The ultimate goal of this paper is to investigate the effects of IP shock impact angles and speeds on the GIC generation on the ground, which result from the intensification of the currents mentioned above.
Dataset

Interplanetary shock database
Our shock database is an extension of the IP shock catalogue published by Oliveira and Raeder [2015] . This catalogue currently contains 547 IP shocks covering a time range over two solar cycles from January 1995 to September 2017. Wind and ACE solar wind and IMF data were used to compute shock normals and speeds for all events. The shock parameters were calculated by solving the Rankine-Hugoniot conditions, which are based on the conservation of energy and momentum across the shock surface [Landau and Lifshitz , 1960; Burlaga, 1971] . The methods and techniques used to compute those and other shock properties are outlined in detail by previous works [Oliveira and Raeder , 2015; Oliveira et al., 2016; Oliveira, 2017; Oliveira and Samsonov , 2018] .
Ground magnetometer data
We use global ground magnetometer data from SuperMAG to determine the global dB/dt response and identify the likely locations for GIC inputs. SuperMAG is a worldwide collaboration with 528 ground magnetometer stations [Gjerloev , 2009 [Gjerloev , , 2012 . We also use the SuperMAG partial ring current index, SMR, which is similar to the traditional SYMc 2018 American Geophysical Union. All Rights Reserved.
H index, but more than 100 stations in mid-and low-latitude regions are used for its computation [Newell and Gjerloev , 2012] . Another important difference between SYM-H and SMR is that in the computation of the latter the ring current is not assumed to be constant until late storm recovery phase due to strong local time gradients [Newell and Gjerloev , 2012] . The use of such a magnetometer array is recommended because it enhances the quality of regional and global data products as a result of the increasing level of regional and global collaborations [Engebretson and Zesta, 2017] . In this study, GICs are linked to abrupt or step-like changes in the horizontal geomagnetic field, dB/dt, according to Faraday's law [Viljanen, 1998; Pirjola, 2000 Pirjola, , 2002 . The total horizontal geomagnetic field is B = B 2 n + B 2 e , with B n and B e being the measured 1-minute time resolution northward and eastward components of the geomagnetic field, respectively. The compression onset is defined by the sudden increase in the SMR index, an SI + event signature. In some cases, more than one dB/dt peak occurs within 1 hour after compression onset, resulting from storm and substorm activity. Since we are primarily interested in the immediate effect caused by magnetospheric and ionospheric current enhancements following IP shock impacts, or the first dB/dt measured peak, we fixed a time window of 10 minutes following the shock impact to capture this first peak. In this c 2018 American Geophysical Union. All Rights Reserved.
study, more than 103 thousand local ground magnetometer traces were analyzed, with over 12 million data points.
Transformer failure caused by an SI + event
In this session, we present an SI + event that was reported to be the casue of a transformer failure. The geomagnetic storm of 06 November 2001 was an intense space weather event with minimum SMR index of −320 nT. The main phase of that storm was preceded by a strong SI + event whose onset occurred at 0152 UT; however, geospace data, i.e., solar wind and IMF data upstream of the Earth, are not available on that day for the computations of the driver's properties. This lack of data is most likely due to instrument saturations caused by a strong IP shock driven by a coronal mass ejection (CME). moments, B continues to vary, but with incremental changes followed by incremental decreases. The change rate of the geomagnetic field recorded by EYR is shown in Figure   2d , whose maximum perturbation corresponds to dB/dt = ∼104 nT/min.
Geomagnetic field perturbations of ∼100 nT/min as the one recorded by the EYR station are commonly observed by high-latitude stations, but are less frequently recorded by c 2018 American Geophysical Union. All Rights Reserved.
stations located in mid-to low-latitude regions [Fiori et al., 2014] . The field perturbation shown in Figure 2d is reported by Marshall et al. [2012] to have been the direct cause of the activation of several alarm systems and even a subsequent equipment failure in a power plant in New Zealand. The Ohau C (OHC, cyan diamond, Figure 2c) [Kappenman, 2006] . This is a region of growing concern since the number of power plants there has substantially increased in the past decades [Kappenman, 2003 [Kappenman, , 2006 Gaunt and Coetzee, 2007; Fiori et al., 2014] . Fiori et al. [2014] also showed that dB/dt perturbations > 100 nT/min are observed in mid-to low-latitude regions. We then follow Fiori et al. [2014] 's results and take the value 100 nT/min as an indication of a high-risk factor to power plant equipment resulting from the impact of IP shocks on the Earth's magnetosphere.
Results
Shock impact angle and speed conventions
In this work, we assume that the shock fronts are planar structures when observed by solar wind monitors at L1, and shock normal vectors are defined in GSE coordinates c 2018 American Geophysical Union. All Rights Reserved.
pointing in the anti-sunward direction. Therefore, θ xn = 180
• indicates a purely frontal shock. With this convention, the smaller θ xn , the more inclined the shock. The terminology "small impact angle" implies that the normal vector is almost aligned with the GSE-X line. The shock speed v s is measured relative to the Earth or the spacecraft. results are consistent with previous observation and simulation works, which suggested that nearly frontal shocks with high speeds cause SI + events with short RTs and large amplitudes [Takeuchi et al., 2002; Araki et al., 2004; Guo et al., 2005; Wang et al., 2006; Selvakumaran et al., 2017] . The effects of the shock impact angles are also reflected on the rate of change of the SMR index, where dSM R/dt is smaller in the case of the highly inclined shock due to its gradual compression of the magnetosphere.
Effects of
As shown by Figures 3c and d , the maximum dSM R/dt enhancement associated with the nearly frontal shock (21.4 nT/min) is 3 times higher than the one associated with the highly inclined shock (7.2 nT/min). Similarly, Figures 3e and f indicate that the maximum dB/dt measured for the nearly frontal shock is 103.28 nT/min, while the same for the highly inclined shock is 11.81 nT/min. In order to estimate the role of the EEJ current in enhancing dB/dt perturbations, we compute the maximum amplification ratio (dB/dt)/(dSM R/dt) for both shocks, as suggested by Carter et al. [2015] . This nondimensional factor gives a sense of the fractional magnitude of the geomagnetic perturbation on the ground relative to the magnetopause current perturbation as expressed by the SMR index. In mid-or low-latitude regions, this ratio is close to 1. The amplitude ratios obtained are 4.88 and 1.71 recorded by the HUA and AAE stations following the impacts of the nearly frontal and highly inclined shocks, respectively. In fact, the magenta stars of Figure 1 show that the HUA and AAE stations are located very close to the magnetic equator and certainly below the EEJ current system. The amplification is much higher in the nearly frontal shock case because the ground perturbation is very sensitive to sudden magnetospheric compressions often caused by shocks with high speeds that first hit the c 2018 American Geophysical Union. All Rights Reserved.
bow shock at the subsolar point. This indicates that the EEJ current is more intensified by impacts of head-on shocks with high speeds.
Based on the previous findings, one may suggest that the SI + event of 06 November 2001 at 0152 UT and the subsequent dB/dt perturbation associated with the complete destruction of a transformer in the station depicted in Figure 2 was caused by the impact of a very fast and almost head-on shock on the magnetosphere. Despite the fact that there are no ACE and/or Wind data available for that event, the SOHO spacecraft observed a solar wind dynamic pressure enhancement of ∼20 nPa at 0120 UT at a distance of ∼197
Earth's radii upstream of the Earth. If the disturbance was a shock, it would have been very fast, with an estimated travel speed of ∼700 km/s [Marshall et al., 2012] . Given the results of this work, we believe the November 2001 SI + event was most likely caused by the impact of a nearly frontal shock driven by a very fast CME on the Earth's magnetosphere. as in those in the dayside. This is explained by the fact that shock impacts cause the first and largest current system perturbations in the dayside, intensifying both hemispheres' AEJ currents [Zesta et al., 2000; Boudouridis et al., 2005; Shi et al., 2017] ; the nightside will respond later due to field-aligned currents connected to the tail which may trigger, for example, substorms [Akasofu, 1964; McPherron, 1991; Oliveira and Raeder , 2014, 2015] . Most shocks with v s < 500 km/s are associated with dB/dt < 30 nT/min, but a few events triggered dB/dt around 60 nT/min. In the cases with v s > 500 km/s, dB/dt enhancements were usually larger than 30 nT/min, with some events with dB/dt around 80 nT/min. However, there are 9 events with dB/dt perturbations surpassing the highrisk threshold of 100 nT/min. The characteristics and uniqueness of these events will be discussed below.
Statistical results
Maximum enhancements in dB/dt were recorded for the 9 events by the equatorial HUA, AAE, and Davao (A08, Southeast Asia) stations. The corresponding magnetic latitudes of these stations, along with the shock properties and subsequent geomagnetic field responses, are shown in [Fejer et al., 2007] . Another common aspect of the equatorial dB/dt response corresponds to the stations' LTs at the shock impact times.
In all cases, the stations were located around noon LT, the farthest station was located less than 2 hours of LT away from noon. All events show significant amplification ratio values (> 6 for 6 events), which indicates a high contribution of EEJ currents to dB/dt enhancements. This agrees with the results of Carter et al. [2015] , who showed that EEJ currents intensify dB/dt response to shocks at equatorial regions. Our results show that nearly frontal and high-speed shocks are an important factor in the generation of high-risk dB/dt perturbations in equatorial regions. The combination of the LT of the stations at the compression onsets and these shock parameters greatly contribute to the production of high-level dB/dt perturbations.
Carter et al. [2016] reported that the 2015 St. Patrick's Day geomagnetic storm caused elevated rates of GICs in high-latitude regions during localized storm-time substorms, while large GIC enhancements were observed by equatorial stations right after the SI + event caused by the precursor shock impact [see also Zhang et al., 2015] . The authors attributed high-latitude GIC enhancements to AEJ current intensifications, and equatorial GIC enhancements observed by stations at noon LT to EEJ current intensifications.
Carter et al. [2015] found large dB/dt perturbations in equatorial stations following imc 2018 American Geophysical Union. All Rights Reserved.
pacts of IP shocks preceding geomagnetic storms, which was later confirmed by Carter et al. [2016] . Our results confirm these observations, since all shocks with equatorial responses of dB/dt > 100 nT/min were followed by geomagnetic storms with significant intensity, i.e., SMR < −100 nT (see Table 1 ). This present work confirms those results, with the additional contribution concerning the intensification effects caused by highspeed, nearly frontal shock impacts due to strong and symmetric dayside magnetospheric compression combined with the station location around noon LT during shock impact.
Conclusions
Effects of interplanetary shock impact angles and speeds on the local variability of geomagnetic field perturbations detected by ground stations were investigated for the first time in this paper. A catalogue of 547 IP shocks and a worldwide magnetometer chain with 528 ground stations were used in this study. Subtle changes in the horizontal geomagnetic field component, dB/dt, an important quantity for producing geomagnetic induced currents, were analyzed. For each shock, the maximum dB/dt perturbation recorded by worldwide stations located in three different latitude regions was investigated as a function of its shock impact angle and speed. The main results of this work are summarized below:
1. In general, low-speed shocks are also highly inclined shocks, while high-speed shocks are nearly frontal shocks. Moderate shocks, i.e., shocks with speeds around 500 km/s, are associated with a broader range of shock impact angles, but they tend to be slightly more frontal. These results confirm previous findings which indicate that shocks with high speeds have small impact angles [e.g., Kilpua et al., 2015; Oliveira and Raeder , 2015] .
2. We found that, in general, large dB/dt perturbations are associated with high-speed and nearly frontal shocks. The impact of shocks with these properties are known to cause SI + events with large amplitudes and short rise times [Takeuchi et al., 2002; Araki et al., 2004; Guo et al., 2005; Wang et al., 2006; Selvakumaran et al., 2017] . These effects are explained by the sudden and effective magnetospheric compression leading to high intensification of the ionospheric-magnetospheric current system, and subsequent intense geomagnetic activity [Oliveira and Raeder , 2014; Samsonov et al., 2015; Oliveira and Raeder , 2015] .
3. Maximum values of dB/dt perturbations are shown to depend significantly on shock impact angles and speeds in all magnetic latitude regions. In the dayside high-latitude regions, most shocks with v s > 400 km/s and θ xn > 140
• surpass the threshold of dB/dt = 100 nT/min, a risk factor that may increase GIC risk [Kappenman, 2003; Béland and Small , 2005; Kappenman, 2006; Marshall et al., 2012; Fiori et al., 2014] . The same trend was observed for the nightside high-latitude response, but fewer events showed dB/dt > 100 nT/min. Mid-and low-latitude responses were much weaker, with the dayside perturbations being slightly larger than the nightside perturbations.
4. We found 9 events in the low-latitude category with dB/dt > 100 nT/min (see Table 1 ). All these events were caused by high-speed and nearly frontal shocks, and were observed by equatorial stations located right below the EEJ current system around noon LT at the time of shock impact. Such high-risk values were observed because the ground perturbation was highly amplified by the EEJ current system [Carter et al., 2015] . We report for the first time that very fast shocks with small impact angles increase EEJ c 2018 American Geophysical Union. All Rights Reserved.
current system effects due to a sudden and strong compression of the magnetosphere with direct implications to GIC production rates in the dayside equatorial region.
Furthermore, the findings of this work may provide insights for direct applications to Space Weather forecasting. Solar wind monitors at the L1 point such as Wind and ACE offer real time solar wind and IMF conditions that are used for automated computations of shock impact angles and speeds [Vorotnikov et al., 2008 [Vorotnikov et al., , 2011 Paulson et al., 2012; Kruparova et al., 2013] . Therefore, a 30-60 minute window time may provide the opportunity to power plant operators to take actions to prevent GICs that may be triggered by high-speed and head-on shocks that will impact the magnetosphere when the station is located around noon LT. Table 1 .
General aspects of IP shock parameters and ground magnetometer response of the events with high-risk geomagnetic perturbation (dB/dt > 100 nT/min) shown in Figure 4e .
The UTs indicated in the table correspond to the shock/magnetosphere interaction onset, i.e., the instance of time when the SMR index begins to increase in response to the magnetospheric compression. 
